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>  Dielectric  thin  films  ~  '  ' 
I  A  high  dielectric  consta 
»  can  De  used  to  form  a  capacitor.  The  thin  film  is  com- ted  of  a  mixture  of  a  tantalum  oxide  and  a  titanium  oxide erein  the  ratio  of  titanium  (Ti)  to  tantalum  (Ta)  is  in  the ge  of  0.1  to  4  atomic  percent. 
The  thin  film  is  deposited  on  the  substrate  by  chemical •our  deposition,  for  example  using  a  tantalum  alkoxideand tanium  alkoxide. 
A  thin  film  of  this  type  has  a  high  dielectric  strength  as I  as  a  high  dielectric  constant. 
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DIELECTRIC  THIN  FILMS 

This  invention  relates  to  dielectric  thin  films  and  to  methods  of 

forming  such  films;  the  invention  is  part icularly  suitable  for  the  p roduc t ion  
of  thin  films  having  a  high  dielectric  constant  and  high  dielectric  s t r e n g t h  
for  use  as  a  dielectr ic   material   in  capacitors   or  the  l ike.  

A  thin  film  composed  of  tantalum  oxide  (Ta20^)  and  formed  by 
chemical  vapour  deposition  by  oxygen-assisted  thermal  decomposition  of  
tantalum  ethylate   (Ta(OC2H5))  has  a  relative  dielectr ic   constant  of  about  25 
to  28  which  is  higher  than  that  of  a  thin  film  made  of  SiC^,  Si-jN^,  or  t h e  

like.  Such  a  thin  film  may  be  employed  advantageously  for  miniaturising  a 
capacit ive  element  or  for  improving  the  degree  of  integrat ion  of  an  
in tegrated  circuit.   For  comparison,  the  relat ive  dielectr ic   constant  of  S i02  
is  about  3.7  and  that  of  Si-jN^  is  about  7. 

Methods  of  forming  a  thin  film  of  Ta205  include  sputtering,  chemica l  

vapour  deposition,  and  anodic  oxidation  for  a  Ta  film.  Of  these  me thods ,  
the  chemical  vapour  deposition  method  is  superior  to  the  other  methods  in 

its  adaptabil i ty  to  mass  p roduc t ion .  

Although  a  Ta20^  thin  film  can  be  mass  produced  by  a  chemica l  

vapour  deposition  method  as  described  above,  if  the  film  thickness  of  t h e  

Ta20^  film  is  less  than  500  R,  a  dimension  which  is  commonly  used  in 

pract ice,   the  insulating  property  is  poor,  that  is  its  dielectric  strength  is 
low.  Thus,  Ta20^  thin  films  having  very  low  film  thicknesses  canno t  

presently  be  used  in  p r a c t i c e .  

When  a  Ta20^  thin  film  formed  by  chemical  vapour  deposition  is  used 

as  a  capacit ive  element,   noble  metals  such  as  gold,  platinum  or  the  like  can  
be  used  as  electrodes  on  both  surfaces  of  this  film,  and  high  insulat ing 
properties  and  high  dielectric  strengths  can  be  obtained.  On  the  other  hand, 
if  metals  and  semiconductors   such  as  aluminium,  chromium,  silicon  or  the  
like  are  used  as  e lectrodes,   there  arises  the  problem  that  the  insula t ing 

properties  d e t e r i o r a t e .  

According  to  one  aspect  of  the  present  invention  there  is  provided  a 

high  dielectr ic  constant   thin  film  formed  on  a  subst ra te ,   said  thin  f i lm 
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comprising  a  mixture  of  a  tantalum  oxide  and  a  t i tanium  oxide  in  which  the  

-atio  of  t i tanium  (Ti)  to  tantalum  (Ta)  is  in  the  range  of  0.1  to  4  a t o m i c  

j e r c e n t .  

According  to  another  aspect  of  the  present  invention  there  is 

jrovided  a  method  of  forming  a  high  dielectr ic   constant  thin  film  on  a 

substrate,  which  method  comprises  depositing  on  the  substrate  a  thin  film  of  

a  tantalum  oxide  and  a  t i tanium  oxide  by  chemical  vapour  deposition,  sa id  

thin  film  having  a  ratio  of  t i tanium  (Ti)  to  tanta lum  (Ta)  in  the  range  of  0.1 

to  4  atomic  p e r c e n t .  

A  preferred  embodiment   of  the  present  invention  provides  an 

improved  high  dielectr ic   constant   thin  film  which  has  excellent  insulat ing 

properties  and  dielectr ic  strength.  Such  a  thin  film  with  a  high  d ie l ec t r i c  

constant  can  be  used  in  a  capacitor   of  miniature  size.  The  high  d i e l ec t r i c  

constant  properties  of  the  thin  film  make  it  possible  to  improve  the  degree  

of  integration  of  an  in tegra ted  circuit  in  which  the  capacitive  element  is 

included.  

In  accordance  with  a  further  aspect  of  the  present  invention  there  is 

provided  a  high  dielectr ic   constant  thin  film  on  a  substrate,   the  thin  f i lm 

being  a  mixture  of  a  tantalum  oxide  and  a  t i tanium  oxide.  The  film  is 

preferably  formed  on  the  substrate  by  a  chemical  vapour  deposition  me thod  

in  such  a  manner  that  the  ratio  of  Ti  to  Ta  is  in  the  range  of  0.1  to  4  a tomic  

p e r c e n t .  

The  invention  will  now  be  described  by  way  of  example  wi th  

reference  to  the  accompanying  drawings,  in  which:  

Figure  1  shows  apparatus  for  manufactur ing  a  high  d i e l ec t r i c  

constant  thin  film  according  to  an  embodiment   of  the  present  invention;  

Figures  2A  to  2C  are  graphs  respect ively   illustrating  the  re la t ionships  

between  X-ray  di f f ract ion  intensity  (2A),  refract ive  index  (2B)  and 

dielectric  strength  (2C)  of  the  thin  film  plotted  against  the  growth  

tempera ture   of  the  thin  f i lm;  

-Figure  3  is  a  graph  showing  the  ratio  between  the  flow  rate  of 

titanium  alkoxide  used  in  the  synthesis  and  the  Ti/Ta  ratio  in  the  thin  f i lm; 

Figures  4A  to  4C  are  graphs  showing  the  relationship  b e t w e e n  

electric  field  and  leakage  current  using  various  types  of  e l ec t rodes ;  

Figure  5  is  a  graph  showing  the  relationship  between  the  Ti/Ta  r a t i o  

in  the  thin  film  and  its  dielectr ic   s t r e n g t h ;  
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r  igure  t>  is  a  grapn  snowing  the  relationship  between  the  fi lm 
thickness  and  the  dielectr ic   constant ;   and  

Figure  7  is  a  graph  showing  the  relat ionship  between  electric  f ield 
intensity  and  leakage  c u r r e n t .  

An  embodiment   of  high  dielectr ic   constant   thin  film  according  to  t he  
present  invention  will  be  described  with  reference  to  a  method  o f  
manufac tur ing   the  film.  In  Figure  1,  there  is  shown  a  schematic  diagram  of 
apparatus  used  in  the  manufac tur ing   method.   The  apparatus  includes  a 
reaction  chamber  1,  the  inside  of  which  is  held  at  a  substantial  vacuum  by 
means  of  a  vacuum  pump  2.  Into  the  react ion  chamber  1  there  is  supplied 
oxygen  gas  from  an  oxidising  gas  source  3  and  a  carrier  gas  such  as  Ar  or  He 
from  a  carrier  gas  source  4.  These  gases  flow  through  first  and  second  flow 
rate  control  valves  11  and  12,  respect ively .   Similarly,  the  carrier  gas  f r o m  
the  carrier  gas  source  4  is  supplied  through  third  and  fourth  flow  r a t e  
control  valves  13  and  14  to  first  and  second  bubblers  15  and  16.  The 
resulting  vapours  are  supplied  to  the  a fo rement ioned   reaction  chamber  1. 
Constant  t empera tu re   baths  17  and  18  surround  the  first  and  second  bubblers  
15  and  16.  First  and  second  cylinders  19  and  20  are  used  for  bubbling. 

A  tantalum  alkoxide,  for  example,  tantalum  p e n t a e t h y l a t e  
Ta(OC2H5)5  having  a  purity  of  99.9999%  is  contained  in  the  first  cylinder  19 
and  is  heated  therein  while  a  t i tanium  alkoxide  such  as  titanium  t e t r a  
isopropylate  Ti(isoOC3H7)4  having  a  purity  of  99.999%  is  contained  in  t h e  
second  cylinder  20  and  is  heated  t h e r e i n .  

A  susceptor  5  made  of  graphite  is  located  within  the  r e a c t i o n  
chamber  1  and  is  heated  by  means  of  a  high  frequency  induction  coil  6 
located  outside  the  reaction  chamber  1.  The  t empera tu re   of  the  susceptor  5 
is  detected  by  a  thermal  sensor  7  and  a  thermal   regulating  circuit  8  r ece ives  
Lhe  signal  from  the  sensor  7  and  controls  the  current  passing  from  a  high 
Frequency  oscillation  circuit  9  to  the  coil  6.  The  t empera ture   of  t h e  
susceptor  5  is  thereby  controlled  to  reach  and  remain  at  a  desired  value.  

A  substrate   21  is  mounted  on  the  susceptor   5.  A  preheater   10  is  used 
Lo  heat  the  reaction  chamber  1  at  a  portion  near  the  entrance  through  which 
Lhe  above-ment ioned  gases  are  supplied.  

The  apparatus  may  be  operated  under  the  following  condi t ions.  
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Pressure  within  the  r eac t i on  
chamber  1 ...  0 .3Tor r  .40  Pa) 

-  low  rate  at  the  first  flow  r a t e  
control  valve  11 ...  100SCCM 

-low  rate  at  the  second  flow  r a t e  
control  valve  12 ...  500SCCM 

Flow  rate  at  the  third  flow  r a t e  
control  valve  13 ...  150SCCM 

rlow  rate  at  the  fourth  flow  r a t e  
control  valve  14 

Tempera ture   of  the  first  bubbler  15 

Tempera ture   of  the  second  bubbler  16 

Tempera tu re   of  the  pre-heater   10 

Tempera tu re   of  the  susceptor  5 

...  50SCCM 

...  1 2 5 ° C  

...  2 0 ° C  

...  2 5 0 ° C  

...  620°C  

The  t empera tu re   of  the  supply  tube  from  the  first  bubbler  15  to  t h e  

While  Ta(OC2H5)5  within  the  first  bubbler  15  is  liquid  at  room 

t e m p e r a t u r e   to  about  200°C,  it  is  evaporated  at  125°C  under  a  pressure  of 

40  Pa  (0.3Torr).  The  feeding  rate  to  the  reaction  chamber  1  is  controlled  by 

the  flow  rate  of  the  carrier  gas  through  the  third  flow  rate  control  valve  13. 

The  flow  rate  of  the  T a ( O C 2 H ^   vapour  evaporated  from  the  bubbler  15  is 

kept  at  a  p rede te rmined   tempera ture   so  as  to  prevent  the  vapour  from  being 

r e - c o n d e n s e d .  

The  Ti  ( i s o O C ^ H ^   within  the  second  bubbler  16  is  evaporated  a t  

20°C  under  the  same  reduced  pressure  and,  similarly,  the  flow  rate  of 

vapour  into  the  reaction  chamber  1  is  controlled  by  the  flow  rate  of  t h e  

carrier  gas  through  the  fourth  flow  rate  control  valve  14. 

Under  the  conditions  described  above,  the  deposition  react ion  was 

carried  out  for  six  minutes  thereby  to  form  a  Ta20^  thin  film  having  a 

thickness  of  about  1000  R  on  the  substrate  21. 

Figures  2A,  2B  and  2C  are  graphs  showing  the  effect   of  changing  the  

t e m p e r a t u r e   of  the  substrate  21,  the  t empera tu re   being  indicated  on  the  

abscissa.  The  X-ray  diffraction  intensity  is  indicated  in  Figure  2A,  and  t h e  

re f rac t ive   index  in  Figure  2B.  The  electr ic  field  (V/cm)  in  which  the  

leakage  current  is  In  A/cm  is  indicated  in  Figure  2C  on  the  o rd ina te  

t h e r e o f .  

reaction  chamber   1  was  kept  at  170°C.  
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As  seen  in  Figure  2,  Ta20^  having  a  high  d ie lect r ic   strength  was 

obtained  when  the  growing  t empera tu re   (that  is  the  t empera tu re   of  t he  

substrate   21)  was  in  the  range  550°C  to  650°C,  indicated  by  the  double 

arrowed  line  in  Figure  2C,  and  preferably  in  the  range  600°C  to  650°C.  

The  reason  that  the  dielectric  strength  of  the  film  is  reduced  a t  

t empe ra tu r e s   in  excess  of  650°C,  as  seen  from  the  X-ray  diffraction  shown 

in  Figure  2A,  is  that  a  polycrystal l ine  portion  is  produced  in  the  grown  th in  

film  so  that  the  s t ruc ture   of  the  thin  film  is  not  homogeneous .  

Fur the rmore ,   the  dielectr ic  strength  de ter iora tes   at  t empera tu re s   below 

about  550°C,  as  indicated  by  the  decrease  in  the  r e f rac t ive   index  of  the  

grown  thin  film  shown  in  Figure  2B;  only  a  thin  film  having  a  low  density  is 

formed  because  the  grown  thin  film  has  porous  portions  therein  or  u n r e a c t e d  

mater ial   mixed  t he re in .  

As  will  be  understood  from  the  foregoing  results,   it  was  conf i rmed  

that  in  order  to  obtain  a  Ta20^  thin  film  having  a  high  dielectr ic  s t r eng th ,  

the  film  must  be  grown  at  a  t empera tu re   as  high  as  possible  in  the  range  in 

which  an  amorphous  film  can  be  obtained.  After  the  film  was  grown  at  a 

substrate   t empera tu re   of  620°C  for  two  minutes,  a  Ta20^   thin  film  having  a 

film  thickness  of  about  200  R  was  obtained.  When  a  Pt  e lectrode  having  an 
2 

area  of  1  mm  was  formed  on  the  resulting  thin  film,  a  capaci tance  of 

0.0116  |i  F  and  having  a  value  of  tan  &  of  0.5%  was  obtained.  The  d ie lec t r i c  

breakdown  voltage  was  6.0V. 

It  will  be  understood  that,  if  the  growing  t e m p e r a t u r e   is  s e l ec t ed  

appropriately,   a  Ta20^  thin  film  having  a  high  d ie lect r ic   strength  is 

obtained.  As  mentioned  previously,  it  is  known  that  if  the  noble  meta l s ,  

such  as  Au,  Pt  or  the  like  are  used  as  e lectrodes  deposited  on  both  su r faces  

of  this  thin  film,  high  insulating  properties  are  obtained,   whereas  if  o the r  

metals  or  semiconductors   such  as,  for  example,  Al,  Cr,  Si  or  the  like  a re  

used,  the  insulating  propert ies   d e t e r i o r a t e .  

As  shown  in  Figure  1,  there  is  provided  a  second  bubbler  16  by  means  

of  which  Ti(isoOC-jHj)^  vapour  is  supplied  to  the  react ion  chamber  1.  A 

thin  film  thus  obtained  was  measured  by  ICP  emission  s p e c t r o c h e m i c a l  

analysis  to  determine  the  atomic  ratio  of  T i / t a   and  it  was  confirmed  that  a 

proportional  relationship  is  established  between  the  flow  rate  through  the  

fourth  flow  rate  control  valve  14  and  the  added  amount ,   as  shown  in  Figure  

3.  It  was  also  confirmed  that  if  the  t empera ture   of  the  second  bubbler  16  is 

changed,  the  resulting  concent ra t ion   is  also  changed .  
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The  relationship  between  a  DC  electr ic  field  intensity  E  of  the  th in  

film  and  the  leakage  current  density  J  was  measured  at  three  c o n c e n t r a t i o n  

ratios  of  Ti/Ta,  with  different   e lectrode  materials,   and  with  d i f f e r e n t  

electrode  polarities.  The  measured  results  are  indicated  on  Figures  4A  to  

5  4C.  Figure  4A  i l lustrates  the  instance  where  Ti/Ta  =  0,  Figure  4B  shows  t h e  

case  where  Tj/Ta  is  1.9  atomic  percent   and  Figure  4C  i l lustrates  the  ca se  

where  Ti/Ta  is  3.7  atomic  percent .   Au  and  Al  were  used  as  the  e l e c t r o d e  

materials  and  the  respective  polari t ies   thereof  are  indicated  as  plus  (+)  and 

minus  (-),  r e spec t ive ly .  

ID  The  electrode  on  the  subst ra te   side  was  formed  by  an  Si  substrate   o f  

the  n-type,  the  resistivity  of  which  was  0.02  ohm-cm,  and  a  TaCOC^H^)^ 
thin  film  was  formed  on  its  (111)  plane.  In  Figures  4A  to  4C,  the  square  r o o t  

of  the  DC  electric  field  E  "is  plotted  on  the  abscissa,  while  the  l eakage  

current  density  J  is  plotted  logar i thmical ly   on  the  o rd ina te .  

15  When  the  ratio  Ti/Ta  is  zero,  largely  different  charac te r i s t i cs   a r e  

obtained  dependent  on  the  mater ia l   of  the  electrodes  and  the  polarity  of  t h e  

electric  field  applied.  Par t icular ly   when  using  the  s tructure  A l - T a 2 0 ^ - S i  
(which  is  frequently  used  as  a  capaci tor) ,   a  high  dielectric  strength  could  no t  

be  obtained  and  so  the  s t ructure   could  not  be  used  e f f ec t ive ly .  

20  Figure  4B  i l lustrates  the  case  in  which  the  ratio  Ti/Ta  is  adjusted  to  

be  1.9  atomic  percent.   From  this  figure,  it  will  be  clear  that  it  is  possible  

to  obtain  a  capaci tance  which  is  not  substantial ly  affected  by  the  m a t e r i a l  

of  the  electrodes  and  the  polarity  of  the  DC  electric  field  and  which  has  a 

high  overall  dielectric  s trength.   The  fact  that  aluminium  can  be  used 

25  instead  of  gold  is  also  a  substant ial   advantage  in  p r a c t i c e .  

Figure  4C  i l lustrates  the  si tuation  in  which  the  Ti/Ta  ratio  is  abou t  

3.7  atomic  percent.   In  this  example,   it  will  be  seen  that  the  leakage  c u r r e n t  

is  increased,  particularly  in  the  case  of  the  Al  e l ec t rode .  

Figure  5  is  a  graph  plotting  the  Ti/Ta  ratio  on  the  abscissa  and  t h e  

30  electric  field  intensity  Eb  on  the  ordinate.   This  graph  shows  the  m e a s u r e d  

results  of  the  change  in  the  e lectr ic   field  intensity  when  the  leakage  c u r r e n t  
-3  2 

density  J  is  1  x  10  A/cm  in  relation  to  the  ratio  of  Ti/Ta.  From  Figure  5 

it  will  be  seen  that,  for  a  pract ical   dielectr ic   strength  of  2  x  10^  V/cm,  t h e  

atomic  ratio  should  be  greater   than  about  0.5  and  less  than  about  3  a t o m i c  

35  p e r c e n t .  
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As  noted  previously,  a  T&2®5  tn'n  ^''m  can  ^e  produced  DV  s p u t t e r i n g .  

Figure  6  is  a  graph  showing  the  relationship  between  the  average  d i e l e c t r i c  

constant  with  respect   to  a  thin  film  made  by  sputtering  and  a  thin  film  m a d e  

according  to  this  embodiment   of  the  present  invention.  In  the  graph  o f  

Figure  6,  a  curve  a  indicates   the  measured  results  of  the  thin  film  m a d e  

according  to  this  embodiment   of  the  present  invention,  while  a  curve  b 

indicates  the  results  obtained  from  a  thin  film  made  by  the  s p u t t e r i n g  
m e t h o d .  

It  will  be  seen  from  Figure  6  that  the  dielectr ic   constant   of  a  th in  

film  made  by  the  sput ter ing  method  is  considerably  lower  as  compared  w i t h  

that  made  according  to  the  present  embodiment .   The  reason  for  this  is  t h a t  

the  sputtering  method  produces  a  layer  having  a  film  thickness  of  a b o u t  

170  R  and  a  low  die lectr ic   constant  and  which  may  consist  of  SiO^.  In 

accordance  with  the  chemical   vapour  deposition  method  embodying  t h i s  

invention,  however,  there  is  almost  no  layer  having  a  low  dielectric  c o n s t a n t  

so  that  an  overall  high  dielectr ic   constant  is  obtained.  In  the  graph  o f  

Figure  6,  the  curve  a  indicates  the  calculated  value  in  the  case  where  an 

SiC^  film  or  layer  having  a  film  thickness  of  about  12  R  is  assumed  to  have  

been  p roduced .  

Figure  7  shpws  the  relationship  between  the  square  root  of  the  DC 

electric  field  E  and  the  leakage  current  density  J  with  respect  to  the  th in  

film  of  the  present  embodiment   and  films  produced  by  other  methods.  In 

the  graph  of  Figure  7,  a  curve  c  indicates  the  measured  results  of  t h e  

present  thin  film,  a  curve  d  indicates  the  results  of  a  thin  film  produced  by  a 

magnetron  sputtering  method,   a  curve  e  indicates  the  results  obtained  f r o m  

a  thin  film  made  by  a  Ta  thermal  oxidation  method  and  a  curve  JF_  i nd i ca t e s  

the  results  obtained  from  a  thin  film  made  by  another  chemical  vapour  

deposition  method.  From  the  curves  c  to  f,  it  was  confirmed  that  thin  f i lms  

made  according  to  the  present  invention  have  a  higher  dielectr ic  strength  as  

compared  with  films  made  by  other  me thods .  

As  described  above,  high  dielectric  thin  films  made  according  to  t h e  

present  invention  have  high  dielectric  constants ,   and  can  const i tute   so- 

called  MIS  (metal  insulator  semiconductor)   capaci tors   having  high  d i e l e c t r i c  

strength.  Therefore,   such  capacitors   can  be  miniaturised  and  the  above-  

described  techniques  serve  to  improve  the  so-called  integrat ion  degree  of  

integrated  circuits  and  the  l ike.  
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CLAIM5 

1.  A  high  dielectr ic   constant  thin  film  formed  on  a  substrate,   said  th in  

film  comprising  a  mixture  of  a  tantalum  oxide  and  a  t i tanium  oxide  in  which 

the  ratio  of  t i tanium  (Ti)  to  tantalum  (Ta)  is  in  the  range  of  0.1  to  4  a t o m i c  

p e r c e n t .  

> 

2.  A  capaci tor   comprising  a  high  dielectr ic  constant   thin  film  formed  on 

a  substrate   in  accordance  with  claim  1. 

3.  A  method  of  forming  a  high  dielectr ic   constant   thin  film  on  a 

10  substra te ,   which  method  comprises  depositing  on  the  substrate   a  thin  film  of 

a  tanta lum  oxide  and  a  t i tanium  oxide  by  chemical   vapour  deposition,  said 

thin  film  having  a  ratio  of  t i tanium  (Ti)  to  tanta lum  (Ta)  in  the  range  of  0.1 

to  4  atomic  p e r c e n t .  

15  4.  A  method  according  to  claim  3,  wherein  said  chemical  vapour  

deposition  includes  the  step  of  oxygen-assis ted  pyrolysis  of  a  t a n t a l u m  

alkoxide  and  a  t i tanium  alkoxide.  

5.  A  method  according  to  claim  4,  wherein  said  tantalum  alkoxide  is 

20  tantalum  pen tae thy la t e   and  said  t i tanium  alkoxide  is  t i tanium  t e t r a  

i sop ropy la t e .  

6.  A  capaci tor   comprising  a  high  dielectr ic   constant   thin  film  formed  on 

a  substrate   in  accordance  with  the  method  of  any  one  of  claims  3  to  5. 
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